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S.J.Lindenbaum19, M.A. Lisa20, F. Liu32, L. Liu32, Z. Liu32, Q.J.Liu30, T. Ljubicic2, W.J.Llope24, G. LoCurto16, H. Long6,
R.S.Longacre2, M. Lopez-Noriega20, W.A. Love2, T. Ludlam2, D. Lynn2, J.Ma6, R. Majka33, S.Margetis14, C. Markert33,
L. Martin26, J.Marx15, H.S.Matis15, Yu.A. Matulenko22, T.S.McShane8, F. Meissner15, Yu. Melnick22, A. Meschanin22,
M. Messer2, M.L. Miller33, Z. Milosevich7, N.G. Minaev22, J.Mitchell24 V.A. Moiseenko10, C.F. Moore28, V. Morozov15,

M.M. deMoura31, M.G. Munhoz25, J.M. Nelson3, P. Nevski2, V.A. Nikitin10, L.V. Nogach22, B. Norman14, S.B.Nurushev22,
G. Odyniec15, A. Ogawa21, V. Okorokov18, M. Oldenburg16, D. Olson15, G. Paic20, S.U.Pandey31, Y. Panebratsev9,
S.Y. Panitkin2, A.I. Pavlinov31, T. Pawlak29, V. Perevoztchikov2, W. Peryt29, V.A Petrov10, M. Planinic12, J.Pluta29,

N. Porile23, J.Porter2, A.M. Poskanzer15, E. Potrebenikova9, D. Prindle30, C. Pruneau31, J.Putschke16, G. Rai15, G. Rakness12,
O. Ravel26, R.L. Ray28, S.V. Razin9 � 12, D. Reichhold8, J.G.Reid30, F. Retiere15, A. Ridiger18, H.G. Ritter15, J.B.Roberts24,
O.V. Rogachevski9, J.L. Romero5, A. Rose31, C. Roy26, V. Rykov31, I. Sakrejda15, S.Salur33, J.Sandweiss33, A.C. Saulys2,
I. Savin10, J.Schambach28, R.P. Scharenberg23, N. Schmitz16, L.S. Schroeder15, A. Scḧuttauf16, K. Schweda15, J.Seger8,
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We reportSTAR resultson theazimuthalanisotropy parameterv2 for strangeparticlesK0
S, Λ andΛ at mid-

rapidityin Au+Au collisionsat � sNN � 130GeVatRHIC.Thevalueof v2 asafunctionof transversemomentum
of theproducedparticlespt andcollisioncentralityis presentedfor bothparticlesupto pt � 3 � 0 GeV/c.A strong
pt dependencein v2 is observedup to 2.0GeV/c. Thev2 measurementis comparedwith hydrodynamicmodel
calculations.Thephysicsimplicationsof the pt integratedv2 magnitudeasa functionof particlemassarealso
discussed.

PACSnumbers:25.75.Wd,25.75.Ld

Measurementsof azimuthalanisotropiesin the transverse
momentumdistribution of particlescanprobeearlystagesof
ultra-relativistic heavy-ion collisions [1–3]. In high-energy
nuclearcollisions, the initial geometricanisotropy is estab-
lished from the overlap betweenthe colliding nuclei. The
time necessaryto build up this spatialanisotropy is believed
to be short becausethe colliding nuclei are highly Lorentz
contractedin the center-of-masssystemand passthrough
eachother at approximatelythe speedof light. During a� 5–50 fm/c period, rescatteringtransfersthe initial spatial
anisotropy into a momentumanisotropy. This momentum
anisotropy manifestsitself moststronglyin theazimuthaldis-
tribution of transversemomenta. The extent to which the
initial spatialanisotropy is transformedto the measuredmo-
mentumanisotropy dependson the initial conditionsandthe
dynamicalevolution of the system. In particular, anisotropy
measurementsfor nucleus-nucleuscollisions at RHIC ener-
giesmayprovide informationabouta partonicstagethatmay
exist earlyin thecollisionevolution [1, 4–8].

The transversemomentumdistribution of particlescanbe
describedin theform:

d2N

dp2
t dφ 	

dN

2πdp2
t



1 � 2∑

n
vncos� nφ���� (1)

wherept is the transversemomentumof the particle,φ is its
azimuthalanglewith respectto thereactionplane[9, 10] and
theharmoniccoefficients,vn, areanisotropy parameters.The

secondcoefficientv2 is calledelliptic flow, whereflow denotes
collective behavior without necessarilyimplying a hydrody-
namiclimit. Recentexperimentalresultsfrom RHIC [11–14]
include measurementsof v2 as a function of collision cen-
trality and pt for chargedparticleswith pt � 2 � 0 GeV/c,and
for identifiedchargedpions,kaonsandprotonsfor pt up to� 0 � 8 GeV/c. Thedegreeof theanisotropy transferfrom po-
sitionto momentumdistributiondependsonthedensityof the
systemduring its evolution andthe scatteringcrosssections
of the particlesinvolved(partonand/orhadron).As a result,
recenttheoreticalwork attemptedto deducethe initial gluon
densityfrom partonicenergy loss[6], andtheequationof state
from hydrodynamicmodelcalculations[5, 7].

Most of the anisotropicflow parametersmeasuredto date
are for non-strangeparticles[11, 12, 15–19]. Of the stud-
iesfor identifiedstrangeparticles[12, 20–25] mosthavebeen
at much lower collision energies. Moreover, previous mea-
surementsof strangeparticleflow correspondto directedflow,
i.e. thecoefficient v1. At theCERNSPS,quantitative differ-
encesbetweenmulti-strangebaryonsandnon-strangehadrons
wereobservedin transverseradialflow in Pb+ Pbcollisions
at � sNN = 17 GeV [26, 27]. A physicalscenarioin which
multi-strangebaryonsdo not participatein a commonexpan-
sionandthusdecoupleearlyfrom thecollision systemdueto
their small hadroniccrosssections,wasproposedto explain
this observation [28]. This explanationsuggeststhat it may
bepossibleto obtaininsight into very earlystagesof thecol-
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lisionsby studyingtheelliptic flow of strangeparticles.
In� this paper, we report the first measurementof the az-

imuthalanisotropy parameterv2 for the strangeparticlesK0
S,

Λ andΛ from Au + Au collisionsat � sNN = 130 GeV. Our
measurementof v2 for differentcentralitiesasafunctionof pt

usingthe SolenoidalTracker At RHIC (STAR) extendsto a
pt of about3.0GeV/c,muchhigherthanpreviouslymeasured
for identifiedchargedpions,kaonsandprotons[12].

The STAR detector [29], with its azimuthal symmetry
and large acceptance,is ideally suited to measureelliptic
flow. The detectorconsistsof several sub-systemsin a large
solenoidalmagnet. For collisions in its center, the Time
ProjectionChamber(TPC) measurescharged tracks in the
pseudo-rapidityrange � η � � 1 � 5 with 2π azimuthalcoverage.
During the year 2000 data taking the STAR magnetoper-
atedat a 0.25Teslafield, allowing trackingof particleswith
pt � 0 � 075GeV/c.A scintillatorbarrelsurroundingtheTPC,
theCentralTriggerBarrel(CTB), measuresthechargedparti-
clemultiplicity (for triggering)from within � η � � 1. Two zero-
degreecalorimeters[30] locatedat � 18� 25m from thenomi-
nalinteractionregion,sub-tendinganangleθ � 0 � 002radians,
primarily detectfragmentationneutrons.Two ZDCs in coin-
cidenceprovide a minimum-biastriggerandtheCTB is used
for a centraltrigger. This analysisuses201 � 103 minimum-
biasand180 � 103 centralevents.
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FIG. 1: Invariantmassdistributionsfor π" π# showing a K0
S mass

peak(left panel)andfor pπ# showing a Λ masspeak(right panel).
Fitting resultsareshown asdashedlinesin thefigure. For presenta-
tion a greaternumberof eventshasbeenusedfor theΛ plot.

We reconstructedboth K0
S $ π%&� π' and Λ � Λ  $ p �

π' � p � π%  from their charged daughtertracksdetectedin
the STAR TPC [31]. Using the energy loss of the charged
tracksin theTPCgas,we selectcandidatesfor protons,anti-
protonsandpions. Themassandthekinematicpropertiesof
the neutralparticle candidatesare extractedfrom the decay
vertex anddaughterparticlekinematics.Fig. 1 shows the in-
variantmassdistributionsfor π% π' showing a K0

S masspeak
and for pπ' showing a Λ masspeak. The dashedlines are
fits to thebackgroundandthesignal.We determinedthat the
backgroundis dominatedby combinatorialcountsby rotat-
ing all positive tracks180degreesin thetransverseplaneand
reconstructingthe K0

S andΛ � Λ  decayvertices. This proce-

duredestroys all real verticesin the TPC acceptanceso that
we candescribethe combinatorialcontribution to the invari-
antmassdistributions.Theobservedmasses,496 � 8 MeV/c2

for π% π' and1116 � 4 MeV/c2 for pπ, are consistentwith
acceptedvalues[32] and the widths are determinedby the
momentumresolutionof the detector. The particlesusedfor
thev2 analysisarefrom thekinematicregion of � y �)( 1 � 0 and
0 � 2 ( pt ( 3 � 2 GeV/c for K0

S or 0 � 3 ( pt ( 3 � 2 GeV/c for
Λ � Λ, wherey is theparticle’s rapidity. No significantdiffer-
encesin elliptic flow areobserved betweenΛ andΛ, so be-
causeof thelimited statistics,Λ andΛ aresummedtogether.

Wechoosetherequirementsfor K0
S andΛ � Λ  daughtercan-

didatesto maximizestatistics.For K0
S, we requirethedaugh-

ter tracksto have a distance-of-closest-approach(dca)to the
collision vertex � 1.0 cm. For the Λ � Λ  reconstruction,we
choosepion-like trackswith a dca � 1.5 cm andproton-like
trackswith a dca � 0.8 cm. We usethepeakin the invariant
massdistributionto measuretheyield of K0

S or Λ � Λ particles
for differentvaluesof φandpt . Usingtheφbin centerfor the
valueof φ, we evaluatev2 asa function of pt by calculating*
cos� 2φ,+ for differentvaluesof pt . Using the yield to cal-

culatev2 	
*
cos� 2φ-+ enablesus to measureelliptic flow for

identifiedparticlesbeyondthe pt region wheretheidentifica-
tion of particlesvia theirenergy lossin theTPCgasfails [12].

The real reactionplaneis not known, but the event plane,
an experimentalestimatorof the true reactionplane,canbe
calculatedfrom the azimuthaldistribution of tracks[11]. To
determinethe event plane,we selectchargedparticle tracks
with at least15 measuredspacepoints,0 � 1 � pt ( 2 � 0 GeV/c
and � η � � 1 � 0. We also require the ratio of the numberof
spacepointsto theexpectedmaximumnumberof spacepoints
for eachtrackto begreaterthan0.52,suppressingsplit tracks
from beingcountedtwice. Eventsarerequiredto have a pri-
mary vertex within 75 cm longitudinally of the TPC center.
Thesecutsaresimilar to thoseusedin Ref. [11] andouranal-
ysisis not biasedby them.

To avoid possibleauto-correlations,tracksusedfor theK0
S

or Λ � Λ  reconstructionare excludedfrom the set of tracks
usedto calculatethe event plane. Typically this is doneby
measuringtheazimuthalanglebetweena trackandtheevent
planecalculatedfrom all other qualifying trackswithin the
sameevent. Then the contribution to v2 from that track is
calculated. In this analysis,wherev2 is not calculatedon
a particleby particlebasis,all tracksthat might be usedfor
thereconstructionof K0

S or Λ � Λ  areexcludedfrom theevent
planecalculation.Only trackswith a dca � 1 � 0 cm areused
in theeventplanecalculationwhile the K0

S verticesdon’t in-
cludethesetracks.In theΛ � Λ analysisall proton-liketracks
areexcludedfrom theeventplanecalculation.A trackis con-
sideredproton-like if its energy loss(dE . dx) is within three
standarddeviationsof thatexpectedfor protons.

When the azimuthal anisotropy is evaluated via v2 	*
cos� 2φ,+ , the observed v2 mustbe correctedto accountfor

the imperfect event plane resolution[33]. This resolution
is influencedby two factorsthat dependon centrality: the
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FIG. 2: Elliptic flow v2 asa functionof pt for (a) K0
S and(b) Λ 7 Λ.

Circles and filled squaresare for central (0-11%) and mid-central
(11-45%)collisions,respectively.

strengthof theanisotropy signalandthenumberof tracksused
for theeventplanecalculation.Weestimatetheresolutionus-
ing themethodof randomsubevents[10] andusetherelative
multiplicity, as in Ref. [11], to measurethe event centrality.
The maximumresolutionfor the K0

S and Λ � Λ analysisis
foundto be0 � 681 � 0 � 004and0 � 582 � 0 � 007respectively and
is reachedin the centralitycorrespondingto 25–35%of the
measuredcrosssection. The relatively lower resolutionfor
the Λ � Λ analysisis causedby the exclusionof proton-like
tracksfrom theeventplanecalculation.

Elliptic flow as a function of transversemomentumfor
centralandmid-centralcollisionscalculatedfrom 201 � 103

minimum-biasand180 � 103 centraleventsis shown in Fig.2.
The two particlesshow a similar pt dependencein the two
centrality intervals. The pt dependenceis strongerin more
peripheralcollisionsthanin the centralcollisions. A similar
dependencewasobserved for chargedparticlesin Au + Au
collisionsat thesameRHIC energy [12].

For this analysis,threemainsourcescontribute to system-
atic errors in the measuredanisotropy parameters:particle
identification,backgroundsubtraction,andcorrelationsunre-
lated to the reactionplane(non-flow) suchasresonancede-
cays,jetsor CoulombandBose-Einsteincorrelations[34, 35].
Thecontributionfrom thefirst two sourcesis estimatedby ex-
amining the variation in v2 after changingseveral track and
event cuts. We estimatethat theseeffects contribute an er-
ror of lessthan � 0.005to v2. The contribution to v2 from
non-flow effects,however, couldbesignificant,especiallyin
peripheralcollisions. A previous study usedthe correlation
of event planeanglesfrom subeventsto estimatethe mag-
nitude of thesecontributions [36]. Non-flow effectsare as-
sumedto contribute to the first andsecondharmoniccorre-
lationsby similar amounts,so themagnitudeof thefirst har-
monic correlationsetsa limit on the non-flow contributions
to v2. Thatstudyshowedthat thenon-flow systematicerrors
for chargedparticlesaretypically +0 and-0.005,but aresig-
nificantly larger in the moreperipheraleventswherethe er-
ror increasesto +0 and-0.035for the 58–85%mostcentral
events.Theseestimatesareconfirmedby measurementsof v2
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FIG.3: Elliptic flow v2 asafunctionof pt for thestrangeparticlesK0
S

(filled circle) andΛ 7 Λ (opensquares)from minimum-biasAu+Au
collisions. For comparison,v2 of chargedhadrons(opencircles)is
alsoshown. Thelinesarefrom hydrodynamicmodelcalculations[5].

usingthe4th-ordercumulantmethod,a methodthat is insen-
sitive to non-flow effectsbut which leadsto largerstatistical
errors[37]. Weassumethesystematicerrorsonv2 for theneu-
tral strangeparticlesK0

S andΛ � Λ aresimilar to thosefound
in theanalysisof chargedparticles[12].

To makeacomparisonwith availablehydrodynamicmodel
calculations,we plot v2 � pt  for both K0

S and Λ � Λ from
201 � 103 minimum-biascollisions in Fig. 3. The dashed
lines representthe hydrodynamicmodelcalculations[5] for
(from topto bottom)pions,kaons,protons,andlambdas.Also
shown in thefigureis v2 � pt  for chargedhadrons[38]. Within
statisticaluncertainty, theK0

S resultsarein agreementwith the
v2 of chargedkaons(not shown) [12]. We observe thatv2 for
bothstrangeparticlesincreasesasafunctionof pt up to about
1.5GeV/c,similar to thehydrodynamicmodelprediction.In
thehigher pt region however (pt = 2 GeV/c), thevaluesof
v2 seemto besaturated.It hasbeensuggestedthat theshape
andheightof v2 above 2 – 3 GeV/c in a pQCD model is re-
latedto energy lossin anearly, high-parton-density, stageof
theevolution [6].

The pt integrated anisotropy parametersfor charged
hadrons,K0

S, and Λ � Λ from minimum-biascollisions are
shown in Fig. 4. The integratedvaluesof v2 are calculated
by parameterizingthe yield with the inverseslopeparameter
of exponentialfits to theK0

S or Λ � Λ transversemassdistri-
butions[38, 39]. Theintegratedv2 is dominatedby theregion
neartheparticle’smeanpt andis insensitive to theupperand
lowerboundsof theintegration.Althoughthev2 � pt  of Λ � Λ
is below thev2 � pt  of K0

S for mostpt , asshown in Fig. 3, the
pt integratedv2 valuesincreasewith the particlemass.This
increaseis partly dueto the relatively highermeanpt of the
Λ � Λ comparedto theK0

S. In hydrodynamicmodels,although
the spatialgeometryof the pressuregradientand the resul-
tantcollective velocity arethesamefor all particles,massive
particlestend to gain larger transversemomentaand so de-
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velopa largerelliptic flow. Thehydrodynamicmodelcalcu-
lations[5], shown asa gray-bandandcentralline, are,within
errors,in agreementwith this result. The width of the gray-
bandin Fig. 4 indicatestheuncertaintiesof themodelcalcu-
lation, mostly dueto the choiceof the freeze-outconditions.
Theincreaseof v2 with particlemassindicatesthatsignificant
collectivemotion,perhapsestablishedearlyin thecollision,is
an effective meansto transfergeometricalanisotropy to mo-
mentumanisotropy. The natureof the particlesduring this
process,however, whetherpartonor hadron,andthe degree
of thermalizationfor strangeparticlesduringthecollectiveex-
pansionremainsanopenissue.

In summary, we have reportedthefirst measurementof the
anisotropy parameter, v2, for K0

S andΛ � Λ, from Au + Au
collisions at � sNN 	 130 GeV. The v2 valuesas a function
of pt from mid-centralcollisionsarehigherat eachpt than
v2 from centralcollisions.Hydrodynamicmodelcalculations
seemto adequatelydescribeelliptic flow of thestrangeparti-
clesupto a pt of 2 GeV/c.For pt above2 GeV/c,however, the
observed v2 seemsto saturatewhereashydrodynamicmod-
elspredicta continuedincreasewith pt . The pt integratedv2

asa function of particlemassis consistentwith a hydrody-
namicpicturewherecollectivemotion,establishedby a pres-
suregradient,transfersgeometricalanisotropy to momentum
anisotropy. Althoughthehadronicscatteringcrosssectionsof
strangeandnon-strangeparticlesmay be different,we have
yet to seedeviationsin the measuredv2 from hydrodynamic
calculationsat low pt for strangeor non-strangeparticles.
In a possiblepartonicphaseprior to the hadronicepoch,the
hadronicscatteringcrosssectionsfor thefinal hadronsarenot
relevant. As such,if the elliptic flow of identified particles
provesto be independentof their relative hadroniccrosssec-
tions, it may be evidencethat v2 is establishedduring a par-
tonic phase.
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